Due to increase in energy demand and fast depleting conventional energy sources, the energy concerns have gone up. To accommodate the energy concerns, more attention is being given to explore and utilize the abundantly available solar energy, which is a promising renewable energy resource. In this paper a vector controlled induction motor drive fed through a Photo voltaic (PV) Array is implemented using Simulink/MATLAB Software. The performance of the drive is analyzed for wide range of operations. Further to add to its features minimal rule based fuzzy logic speed controller is introduced. The performance characteristics of the proposed drive system are obtained for different operating conditions. 
I. INTRODUCTION
Solar energy has gained a remarkable importance and seen as a future prominent substitute to the conventional energy sources in meeting the energy requirement for the present world. The various factors behind its popularity are its eco friendly nature, low operating cost, availability at any place and everlasting supply [1] . In addition, developments in the field of semiconductor technology have further break the barriers by extensively reducing the PV cell prices. Perhaps, not only in the remote rural areas where electrical energy from utility grid is either not available or either transportation cost is too expensive but also in the urban areas, solar energy is the most widely used renewable energy for water pumping and air conditioning, water heating applications [1] , [2] . For water supply system an electric motor driven pump fed from a PV Array can be considered. A number of dc motor driven PV pumps are already in use in several parts of the world. But they suffer from maintenance problems due to the presence of the commutator and brushes. Hence, induction motor could be a better choice with solar assistance as these motors are readily available, robust and low cost [3] , [4] . Different vector control technique is employed where high performance is required. The other techniques of speed control include V/f control, direct torque control. One major aspect to be considered for the effectiveness of control technique is the type of controller [4] , [5] .
Fuzzy logic controllers (FLC) are now a day"s got recognition of alternative to the conventional PID controller. These controllers have the capability to handle the nonlinearity of different kinds & also don"t require the exact knowledge of the induction machine. The major issue in the implementation of a FLC is of the size of a rule base as it is directly related to the memory size requirement which in turn increases the cost of the setup. In most of the papers standard size rule base of 49 rules is employed. However, in this paper reduced rule base with 9 rules is employed [6] , [7] .
The system analyzed in this paper is a PV array fed indirect vector controlled induction motor drive accomplished with a fuzzy logic controller. The PV array converts the received solar energy to electrical energy, which is fed to the induction motor using PWM inverter. Vector control strategy is explained along with its governing equations. Mamdani type fuzzy logic controller with minimal rule base is designed and explained. Performance of the system at different operating conditions has been presented. Salient features of the developed system are highlighted, which assures its suitability in the field of water pumping, flour mills, compressor, solar vehicle, etc.
II. SYSTEM DESCRIPTION & CONTROL
The block diagram of the complete drive system is shown in Fig. 1 . The system consists of PV array, threephase inverter, and three-phase squirrel cage induction motor with associated control technique. The indirect vector control technique, assisted by minimal rule based FLC is proposed which ensures good performance of the drive. The mechanical model of the induction motor drive system may be written in generalized form as:
As the load are having nonlinear mechanical characteristics. The load can be modeled as
where K, L, and M are arbitrary constants. By combining eq. (1) and (2) Eq. (4) in its discrete form can be rewritten as A photovoltaic cell is a device used to convert sunlight into the electrical energy. PV array is basically a combination of number of series and/or parallel connected solar cells. In literature several models of PV array are available which differ among themselves through the procedure and the number of parameters involved in the calculation of voltage and current. For this work a PV array is modeled based on the solar cell which are usually represented by a dc equivalent circuit given in Fig. 2 [8] .
The PV array has a non-linear output varying with level of solar insolation and temperature, therefore, the maximum power of PV at each time will be based on their conditions. So, the effects of the changes in temperature and solar irradiation levels are also included in the final PV array model. The mathematical relation between current-voltages of the PV array is given by Eq. 7 [9] . 
Where PV V and C I are output current and voltage of the cell respectively, 
B. Vector Controlled Induction Motor Modeling
Coupling effect between the flux and torque component of current in the induction motor makes its speed control sluggish and complex. The classical field oriented control or vector control technique involves the transformation of electrical variables into a frame of reference which rotates with the rotor flux vector (the d-q frame). Indirect vector control is just like a direct vector control the only difference is that the unit vectors are computed by calculating the rotor flux angle using the measured speed position. From the d-q equivalent circuit of induction motor the following equations can be derived [4] , [10] .
The rotor equation of induction motor containing flux linkages as variables in synchronously rotating reference frame indicated by suffix "e" are given by 
C. FLC Designing and Modeling
In this paper fuzzy speed controller with two input and single output is designed, speed error 
are the two inputs for the controller, while after the decision making electromagnetic torque is produced. Before giving to the fuzzy controller Input variables (speed error and change in speed error) are scaled using a scaling factor. Utmost care must be taken in choosing the scaling factor as it affects the stability, oscillations and damping of the system. The values of scaling factors K e , K ce and K cu calculated using the motor data are 0.006, 20 and 1 respectively. Basically it is made up of four components: fuzzification, rule base, inference engine, and defuzzification as shown in Fig. 4 [6]- [7] Fuzzification Defuzzification Inference Engine
Rule Base
Input output In Fuzzification, the crisp input variables to the fuzzy controller are transformed into a normalized fuzzy set. Both of input linguistic variables of the FLC were scaled into a common discourse universe with values between [−1, 1]. As a consequence, it was possible to map all the variables simultaneously with a unique set of membership functions. The 3x3 size rule base given in Table I was designed in contrast to the standard rule base of 7x7. The rules are in general format of "if anticedent1 and antecedent2 then consequent". Linguistic terms used for input and output variables are described as: "ZE" is "Zero"; "NE" is "Negative"; and "PE" is "Positive". The surface plot of the rules is shown in Fig. 5 . In order to draw conclusions using the inputs and the information in the rule-base Mamdani type inference engine is used. Finally the decisions are defuzzified using "centre of gravity" (COG) method because of its known merits [11].
IV. RESULTS & DISCUSSION
The vector controlled induction motor drive under investigation has been analyzed using extensive simulation in the Simulink/MATLAB environment. The specifications and parameters of the induction motor used in this study are given in appendix I. The Simulated characteristics of PV array at different insolation level are shown in Fig. 6 and Fig. 7 in the form of Power-voltage (P-V) characteristics and Current-voltage (I-V) characteristics respectively. There is a knee point for each curve in the P-V characteristics, where the output power from the array is maximum. On the right side of the knee point, the array terminal voltage is almost constant for each insolation and it behaves as a voltage source with low internal impedance. However, on the left side of the knee point the array behaves as a current source with high internal impedance. In this region the PV array operation is unstable and a small increase in current can collapse the terminal voltage. The speed response of the proposed drive system during start up at no-load condition is shown in Fig. 8 . The drive system is run to track the command speed of a 120 rad/sec. without any load. In Fig. 8 speed response graph shows no sign of overshoot/undershoot and settling time is 0.2 sec. Under the above said condition, the peak stator current is of the induction motor is noticed around 7 ampere. The response of the stator current under no load condition by the induction motor is shown in Fig. 9 . In order to examine the robustness of the proposed drive system, the drive is suddenly loaded when it was operating under no load condition. The step rated load torque of 12 Nm is suddenly applied to the induction motor at time t = 0.6 sec. The speed response of the drive under the loading condition is shown in Fig. 10 . It can be seen from the response that drive possesses a good load rejection capability with small steady state error. The stator current response is shown in Fig. 11 from which increase in stator current is evident which is required to compensate the load applied. Figure 10 . Speed response with rated load applied at t=0.6 sec. Figure 11 . Stator current response with rated load applied at t=0.6 sec.
Furthermore, to examine the drive performance for another operating condition it is run to follow the changes in the reference speed. Changes in reference speed are given as step changes and the even in the opposite direction. Fig. 12 shows the speed response of the drive with different reference speeds of 120, 60, -60 and 120 rad/sec respectively to follow. 
V. CONCLUSION
In this paper the solar powered induction motor drive has been analyzed for wide range of operations using simulated results in MATLAB/Simulink. The modelling equations of each component system have been detailed. The indirect vector control technique in conjunction with minimal rule based fuzzy logic speed controller has been proposed. The performance characteristics of the proposed drive system for set point control, trajectory tracking and load disturbance rejection are simulated and presented. The drive system has exhibit good performance for these operating conditions. 
APPENDIX

Specifications of induction machine
